Abstract
Introduction
In multicellular organisms, epithelial cells form continuous sheets covering external surfaces and internal cavities and organs. Their biological roles relate to their location at the interface between two dissimilar environments and include protection against noxious agents, restriction of paracellular diffusion, transcellular vectorial transport and secretion (RodriguezBoulan and Nelson, 1989) . Epithelial cells display a cell surface organization that is well adapted to their specialized functions. Their plasma membrane can be divided into two distinct domains -the apical and basolateral membranes -each containing specific sets of proteins and lipids. The basolateral membrane, connected with adjacent cells or to the extracellular matrix, is separated from the apical surface, facing the lumen or the environment, by tight junctions (TJ). The latter form a semi-permeable diffusion barrier between individual cells as well as an intra-membrane diffusion fence that restricts the intermixing of apical and basolateral membrane components (Balda and Matter, 1998) .
A wide range of epithelial functions such as fluid and electrolyte secretion (Kasai and Augustine, 1990; Ito et al., 1997) , exocytosis (Maruyama et al., 1993; Ito et al., 1997) or TJ permeability (Nathanson et al., 1992) are regulated by cytosolic Ca Apically confined Ca 2+ increases can initiate apical exocytosis (Ito et al., 1997) or modulate paracellular permeability while apical-to-basal Ca 2+ waves direct fluid and electrolyte secretion by sequential activation of apical and then basal ion channels (Kasai and Augustine, 1990) . Ca 2+ mobilization is generally elicited in epithelial cells by stimulation of receptors linked to phospholipase C activation, leading to the subsequent production of inositol-(1,4,5)-trisphosphate (InsP 3 ) and release of Ca 2+ from intracellular stores through InsP 3 receptors (InsP 3 Rs). Three InsP 3 R isoforms that share a common structure consisting of an aminoterminal InsP 3 -binding core, a C-terminal channel-forming domain and a central regulatory domain have been identified in mammals (Foskett et al., 2007) . The three subtypes can assemble into homo-or heterotetramers (Joseph et al., 1995; Monkawa et al., 1995; Wojcikiewicz et al., 1995) to form InsP 3 -gated Ca 2+ channels, predominantly located on the membrane of the endoplasmic reticulum. Immunofluorescence studies have revealed that
InsP 3 R isoforms are diversely expressed and distributed in epithelia of various origins. In
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InsP 3 R-KRAP interactions in MDCK cells
4 pancreatic acinar cells, all three InP 3 R isoforms are present and concentrated in the apical trigger zone in which Ca 2+ waves originate (Yule et al., 1997) . In hepatocytes, InsP 3 R2 is exclusively found underneath the luminal membrane whereas InsP 3 R1 is distributed relatively uniformly throughout the cell (Hirata et al., 2002; Shibao et al., 2003; Cruz et al., 2010) . In polarized Madin-Darby canine kidney (MDCK) cells, InsP 3 R3 accumulates in the vicinity of TJ (Colosetti et al., 2003, Hours and Mery, 2010) . It has been hypothesized that the differential expression and subcellular localization of InsP 3 R subtypes largely contribute to the spatial patterning of Ca 2+ signals in epithelial cells (Vermassen et al., 2004) .
Despite intensive research efforts, the molecular mechanisms involved in the recruitment of the different InsP 3 R isoforms to specific subdomains of the ER membrane remain elusive. In this study, we sought to identify the proteins responsible for the perijunctional accumulation 
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Results
The regulatory domain controls the subcellular localization of InsP 3 R1-GFP in MDCK cells -We have previously shown that the recruitment of InsP 3 R1-GFP near the tight junctions (TJ) in polarized MDCK cells depends on its N-terminal region (Hours and Mery, 2010) . In order to more precisely define the domain which directs InsP 3 R to the perijunctional area, a GFP-fused InsP 3 R1 deletion mutant lacking most of the regulatory domain (amino acids 650 to 1949) and referred to as ΔRD-GFP was generated (Fig. S1A ). MDCK cells were transfected with an expression vector encoding either InsP 3 R1-GFP or ΔRD-GFP and cultivated for three weeks under selective growth medium including G418. GFP-positive cells were then sorted by flow cytometry, resulting in homogeneous populations clearly resolved from the non transfected cells and with comparable median fluorescence intensities (Fig.   S1B ). The spatial distributions of InsP 3 R1-GFP and ΔRD-GFP were then examined by confocal microscopy in sparse, confluent or fully polarized MDCK cells and compared to that of ER-resident proteins (PDI and InsP 3 R3) or markers of epithelial differentiation (E-cadherin and ZO-1). In sparse cells (Fig. 1A) , both InsP 3 R1-GFP and ΔRD-GFP were found to be evenly distributed in a network of tubular structures spread throughout the cytosol and continuous with the nuclear envelope. This network was also stained by the anti-PDI antibody, indicating that both InsP 3 R1-GFP and ΔRD-GFP were properly targeted to the ER.
In confluent but not yet polarized cells (Fig. 1B) , ΔRD-GFP remained diffusely distributed in the ER, whereas InsP 3 R1-GFP was found to redistribute into bright puncta. These puncta still resided in the ER membrane as they co-localized with PDI. Comparison of the staining patterns of PDI in InsP 3 R1-GFP-and ΔRD-GFP-expressing cells did not reveal any obvious difference, suggesting that the accumulation of InsP 3 R1-GFP into punctate structures was not due to morphological alterations of the ER. To rule out possible artifacts caused by the GFPtag, we next examined the subcellular distribution of endogenous InsP 3 R3 in confluent cells expressing either InsP 3 R1-GFP or ΔRD-GFP. InsP 3 R3 was found to accumulate into puncta similar in size and morphology in both cell lines and to co-localize extensively with InsP 3 R1-GFP but only partially with ΔRD-GFP (Fig. 1C) . Thus, InsP 3 R3 forms clusters in confluent MDCK cells independently of InsP 3 R1-GFP and the ability of InsP 3 R1-GFP to produce a punctate pattern depends mainly on its regulatory domain.
In fully differentiated cells (Fig. 1D) , InsP 3 R1-GFP was predominantly detected near the apex of the E-cadherin-labeled lateral membrane and in proximity to the TJ marker ZO-1. The colocalization was extensive with InsP 3 R3 but limited with PDI. In contrast, ΔRD-GFP pattern Table S1 ).
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The latter is a protein of 1,259 amino acids whose synthesis is stimulated by activated K-Ras (Inokuchi et al, 2004) and whose subcellular localization, interestingly, coincides with that of InsP 3 R isoforms 1, 2 and 3 in pancreatic acinar cells (Fujimito et al., 2007) . (panels A to C) confirm that InsP 3 R3 and KRAP physically associate with InsP 3 R1-GFP but fail to interact with ΔRD-GFP. Alternatively, cells were fixed and processed for dual fluorescence imaging of KRAP and InsP 3 R localizations by confocal microscopy. As illustrated in figure 3A , the K2-and K3-siRNAs successfully reduced KRAP expression. KRAP silencing led to both decreases in InsP 3 R levels ( Fig. 3B ) and dramatic changes in the subcellular localization of InsP 3 R1-GFP (Fig. 3C ). The latter no longer appeared to segregate into puncta or to accumulate at the cell periphery in confluent monolayers but remained evenly distributed in the ER membrane, like InsP 3 R1-GFP or ΔRD-GFP were homogenized in hypotonic buffer. Three fractionshydrosoluble (HS), Triton X-100-soluble (TS) and Triton X-100 insoluble (TI) -were then sequentially collected by centrifugation and two of them (TS and TI) were analyzed by SDS-PAGE and western blotting. As evidenced by the representative immunoblots shown in figure   4A and by the densitometric analysis displayed in figure 4B , KRAP, InsP 3 R1-GFP and InsP 3 R3 were almost exclusively detected in the TI fraction, enriched in cytoskeletal components such as actin, vimentin and keratins. By contrast, ΔRD-GFP was predominantly found in the Triton X-100-soluble fraction.
To determine whether KRAP promotes the detergent insolubility of InsP 3 Rs, the same insoluble pellets were resuspended in a large volume of buffer containing three non-ionic and ionic detergents (1% Triton X-100, 0.5% sodium deoxycholate and 0.1% sodium dodecyl sulfate) and gently sonicated on ice for 10 seconds. The resulting material was then clarified by centrifugation and incubated sequentially with agarose-beads and GFP-Trap beads.
Finally, the precipitated proteins were eluted and analyzed by western blot using antibodies recognizing GFP, KRAP, actin, vimentin or keratins. Surprisingly, InsP 3 R1-GFP was found to associate with KRAP and vimentin but not with actin or keratins in the TI fraction (Fig. 5A ).
The same protocol was then applied to cells expressing the ΔRD-GFP mutant. As shown in figure 5B , the small fraction of ΔRD-GFP resistant to non-ionic detergent extraction did not co-precipitate with either KRAP or vimentin. In contrast, the deletion mutant co-purified extensively with erlin-2 ( Fig. S4 ), a protein which is localized in the Triton X-100-insoluble lipid rafts of the ER (Browman et al., 2006) and has been reported to mediate ER-associated degradation of activated InsP 3 Rs (Pearce et al., 2007; Pearce et al., 2009; Wang et al., 2009 ).
Erlin-2 was also co-precipitated with InsP 3 R1-GFP but to a much lesser extent (Fig. S4 ).
Taken together, these results indicate that the ΔRD-GFP mutant, which is unable to bind to KRAP, cannot associate with IF either. Incidentally, they also suggest that, in addition to KRAP, erlin-2 may contribute (though marginally) to the detergent insolubility of InsP 3 R1-GFP.
To further characterize the association of KRAP with vimentin, we took advantage of the DT40 TKO cells which express vimentin and KRAP but are devoid of functional InsP 3 Rs.
DT40 TKO cells were lysed in a buffer containing 1% Triton X-100, 0.5% sodium deoxycholate and 0.1% sodium dodecyl sulfate. Whole-cell extracts were then immunoprecipitated with anti-KRAP antibodies coupled to protein G-sepharose beads.
Western blot analysis revealed that KRAP and vimentin but not the truncated cytoplasmic form of InsP 3 R3 were present in the immunoprecipitates ( The effects of VimDN-GFP expression on the subcellular distribution of InsP 3 R3, KRAP and vimentin were then examined by immunofluorescence and confocal microscopy. Two different monoclonal antibodies were used to stain the cells for vimentin. Neither of them was supposed to react with the deletion mutant. Indeed, on the one hand, the rabbit antibody (clone EPR3776) was raised against a synthetic peptide corresponding to the C-terminus of human vimentin that is missing in VimDN-GFP; on the other hand, the mouse antibody (clone V9) has been reported to detect a truncated form of vimentin, lacking the first 138 amino acids (Huet et al., 2006) , suggesting that the recognized epitope is also located in the C-terminal part of the molecule. Cells were processed for immunofluorescence microscopy 7
(like in the siRNAs experiments) or 10 days after plating (to exclude incomplete differentiation). As shown in figure 7A , expression of the VimDN-GFP mutant in MDCK cells did not seem to disrupt vimentin IF organization. Insufficient expression and partial nuclear sequestration of the deletion mutant may account for these results. In spite of that, the
InsP 3 R-KRAP interactions in MDCK cells
11 peripheral accumulation of InsP 3 Rs (Fig. 7A ) and KRAP (data not shown) was reduced 7 as well as 10 days after plating in cells expressing VimDN-GFP as compared to control cells expressing GFP alone.
Subcellular fractionation and co-immunoprecipitation experiments were then performed and revealed that, in contrast to GFP, the VimDN-GFP mutant co-fractionate with membrane and cytoskeletal proteins (Fig. 7B ) and associate with KRAP and InsP 3 R3 (Fig. 7C) . 
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The siRNAs duplexes targeted to canine KRAP, canine InsP 3 R3 and canine vimentin were designed based on NCBI accession XM_535986, XM_538867.2 and XM_535175.2 respectively (Table S2) and chemically synthesized by Eurogentec. Non-targeting control siRNA was obtained from the same vendor.
Cell culture and transfections -MDCK cells were cultured in DMEM supplemented with 5% FCS, 100 units/ml penicillin, 100 µg/ml streptomycin sulfate and 0.25 µg/ml fungizone at 37°C in a humidity-controlled incubator with 7% CO 2 . Transfection of plasmid DNA into MDCK cells was performed by the calcium phosphate coprecipitation method as previously DT40 TKO cells were grown in RPMI medium 1640 supplemented with 10% FCS, 1% chicken serum, 2 mM L-glutamine, 100 units/ml penicillin, 100 µg/ml streptomycin sulfate, 0.25 µg/ml fungizone and 50 µM β-mercaptoethanol in a 5% CO 2 incubator at 37°C. Plasmid DNA (5 µg) was transiently transfected into 2×10 6 DT40-TKO cells using an Amaxa
Nucleofector (Solution T, program B-23) according to the manufacturer's protocol. The human breast adenocarcinoma cell line MCF-7 was cultured in DMEM supplemented with 10% FCS, 100 units/ml penicillin, 100 µg/ml streptomycin sulfate, 0.1 mM non essential amino acids and 1 mM sodium pyruvate, in a 5% CO 2 incubator at 37°C.
Immunofluorescence -Cells, attached to glass coverslips, were rinsed twice with PBS pH 7.4, fixed at room temperature with 4% paraformaldehyde in PBS for 20 minutes and then permeabilized using 0.5% Triton X-100 in PBS for 5 minutes. For staining with anti-vimentin or anti-keratins antibodies, adherent cells were first incubated for 2 minutes at 4°C with 4% formaldehyde in PBS (to prevent cell shrinkage) and then fixed/permeabilized in ice-cold methanol for 10 minutes. Blockade of non-specific binding sites was performed by incubating the cells with PBS containing 0.2% gelatin for 30 minutes. Fixed cells were stained for 1 hour with the primary antibody, washed three times with the blocking solution and then incubated for 1 hour with a 1:300 dilution of the appropriate secondary antibody. All antibody dilutions were prepared in PBS supplemented with 0.2% gelatin and incubations were carried out at room temperature. After extensive washing with PBS, coverslips were mounted using ProLong Gold Antifade reagent and examined with a confocal microscope (Eclipse TE-2000-Nikon-C1, France) equipped with a 63X plan-apochromatic oil-immersion objective (NA = 1.4) and air-cooled Argon and He-Ne lasers. Optical sections were collected at 0.2 µm intervals and images were processed using Photoshop 7 (Adobe) software. Image analysis was performed with ImageJ.
Cell fractionation -The Triton X-100-soluble and insoluble fractions were prepared as previously described (Hours and Mery, 2010). The Triton X-100-insoluble material was solubilized in ice-cold buffer A (PBS supplemented with 0.5% SDS, 2 mM EDTA and protease inhibitors) or buffer B (containing 50 mM Tris pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.5% Sodium deoxycholate, 0.1% SDS and protease inhibitors) and then gently sonicated on ice for 10 s. Protein concentrations were determined with the Bio Rad DC kit using bovine serum albumin as standard. Proteins were distributed between the three fractions approximately as follows -hydro-soluble (HS) 70%, Triton X-100-soluble (TS) 10%, Triton X-100-insoluble (TI) 20%. Polyacrylamide gels were loaded with equal amounts (30 μg) of protein.
The membrane and cytoskeletal (M+C) fraction was obtained as follow: cells were washed twice with PBS at 4°C and then harvested in ice-cold hypotonic buffer containing: 50 mM Tris.HCl pH 7.4, 10 mM KCl, 2 mM EDTA and complete protease inhibitors (Roche). The resulting mixture was subjected to three cycles of rapid freezing and thawing to lyse the cells and passed 10 times through a 21-gauge needle to shear DNA. Normal osmolarity was then restored by adding 150 mM NaCl. Cell lysates were centrifuged for 1 hour at 100,000 g and 4°C in a SW65 rotor (Beckman Coulter). The supernatant, representing the hydro-soluble fraction, was removed and stored at -20°C. The pellet was resuspended in ice-cold buffer B and the resulting mixture was passed 10 times through a 25-gauge needle.
Immunoprecipitation assays -MDCK cells were rinsed twice with ice-cold PBS pH 7.4 and then harvested in a buffer consisting of 20 mM Tris.Cl pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100 and complete protease inhibitors. After removal of cellular debris by centrifugation for 10 minutes at 10,000 g and 4°C, the cell extracts were pre-incubated with protein G-sepharose beads for 2h. Appropriate antibodies were applied to pre-cleared lysates for l6h and immune complexes were then precipitated with protein G-sepharose beads for 2
hours. Alternatively, cell lysates or membrane fractions solubilized in buffer B were precleared with agarose beads for 16h at 4°C and then GFP-trap coupled to agarose beads was added for 90 minutes. All the incubations were performed at 4°C on a rotating wheel. The beads were then recovered by centrifugation at 600 g for 3 min and washed five times with either the lysis buffer or buffer B. The immunoprecipitates were eluted by boiling the samples in 100 μl 2X Laemmli buffer for 5 minutes and then fractionated by SDS-PAGE. constituents of the sample. Each slice was then cut into 1 x 1 mm pieces, reduced and alkylated by using DTT and iodoacetamide, respectively, and subjected to digestion with trypsin (Sigma) as previously described (Fevrier et al., 2004) . Extracted peptides were dried and solubilized in solvent A (5% acetonitrile, 0.1% formic acid).
SDS-PAGE and immunoblotting -
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Liquid chromatography-MS/MS analysis -Samples were loaded on a C18 precolumn (Dionex) and after 3 min of desalting, the precolumn was switched on line with the analytical C18 column (C18 PepMap TM , Dionex) equilibrated in 95% solvent A and 5% solvent B (80% acetonitrile, 0.085% formic acid). Bound peptides were eluted using a 5 to 50% gradient of solvent B during 60 min at a 200 nl/min flow rate. Data-dependent acquisition was performed on the LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientific) in the positive ion mode.
Survey MS scans were acquired in the orbitrap on the 475-1200 m/z range with the resolution set to a value of 60 000. Each scan was recalibrated in real time by co-injecting an internal standard from ambient air into the C-trap. The five most intense ions per survey scan were selected for CID fragmentation and the resulting fragments were analyzed in the linear trap (LTQ). Target ions already selected for MS/MS were dynamically excluded for 180 s. Data were acquired using the Xcalibur software (version 2.0.7) and the resulting spectra where then analyzed via the Mascot TM Software using the NCBI nr Canis lupus familiaris database. All data were manually validated.
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